ABSTRACT Direct imaging surveys have discovered wide-orbit planetary-mass companions that challenge existing models of both star and planet formation, but their demographics remain poorly sampled. We have developed an automated binary companion point spread function (PSF) fitting pipeline to take advantage of Spitzer 's infrared sensitivity to planetary-mass objects and circum(sub)stellar disks, measuring photometry across the four IRAC channels of 3.6 µm, 4.5 µm, 5.8 µm, and 8.0 µm. We present PSFfitting photometry of archival Spitzer /IRAC images for 11 young, low-mass (M ∼ 0.044-0.88 M ; M7.5-K3.5) members of three nearby star-forming regions (Chameleon, Taurus, and Upper Scorpius; d ∼150 pc; τ ∼1-10 Myr) that host confirmed or candidate faint companions at ρ = 1. 68 − 7. 31. We recover all system primaries, six confirmed, and two candidate low-mass companions in our sample. We also measure non-photospheric [3.6] − [8.0] colors for three of the system primaries, four of the confirmed companions, and one candidate companion, signifying the presence of circumstellar or circum(sub)stellar disks. We furthermore report the confirmation of a ρ = 4. 66 (540 au) companion to [SCH06] J0359+2009 which was previously identified as a candidate via imaging over five years ago, but was not studied further. Based on its brightness (M [3.6] = 8.53 mag), we infer the companion mass to be M = 20 ± 5 M Jup given the primary's model-derived age of 10 Myr. Our framework is sensitive to companions with masses less than 10 M Jup at separations of ρ = 300 AU in nearby star-forming regions, opening up a new regime of parameter space that has yet to be studied in detail, discovering planetary-mass companions in their birth environments and revealing their circum(sub)stellar disks.
INTRODUCTION
The vast majority of exoplanets have been discovered via the radial velocity (Wright et al. 2011) or transit (Thompson et al. 2018 ) planet-search methods but the detailed study of their atmospheres and assembly is hindered by their close proximity to bright stellar hosts. Advancing techniques in high-contrast imaging are enabling the detailed study of gas giant planets on wider orbits, providing insight into their formation conditions, atmospheric composition, and circumplanetary environments. Direct imaging surveys typically target nearby young stellar moving groups and associations because contrast ratios between companion and host star is lowest at early ages. These searches have uncovered an interesting population of planetary-mass companions ( 20 M Jup ; hereafter PMCs) located at wide separations (>100 au) from their host stars, such as 1RXSJ1609B (8 M Jup , 330 au; Lafrenière et al. 2008) , GSC 06214-00210B (14 M Jup , 330 au; Ireland et al. 2011) , and HD 106906 b (11 M Jup ; 650 au; Bailey et al. 2014 ). Yet only eight confirmed planets and 15 candidate planets or PMCs on orbits with semi-major axes greater than 100 au have been directlyimaged (Bowler 2016) indicating PMC demographics and occurrence rates suffer from inadequate statistics.
While the deuterium-burning limit at ≈13 M Jup is commonly used as the boundary between what is a giant planet or brown dwarf, that mass definition is still a matter of debate (e.g., Schneider et al. 2011; Hatzes & Rauer 2015; Bowler 2016) . In this work we adopt a definition of "planetary-mass" ≤ 20 M Jup recognizing that the giant planet and brown dwarf companion mass functions overlap between 5-30 M Jup (Wagner et al. 2019) .
The mere existence of PMCs suggests that such objects are a viable, albeit rare, outcome of star and planet formation. A recent meta-analysis of imaging surveys by Bowler (2016) found the occurrence rate of planets with masses between 5 and 13 M Jup to be <2.1%. Ireland et al. (2011) found an occurrence rate of planets between 6 and 20 M Jup to be 4% around solar-type stars, suggesting a slightly more optimistic frequency. However, star and planet formation models are inadequately predicting the occurrence rate of wide-orbit PMC systems, and it is still unclear whether they represent the low-mass extreme of the stellar binary formation process, or instead are the end result of high-mass and wide-orbit planet formation process. Opacity-limited fragmentation during the collapse of a molecular cloud can form bodies of the characteristic PMC mass (e.g., Low & Lynden-Bell 1976; Silk 1977; Boss 1988; Boyd & Whitworth 2005) but if the fragment forms before it is isolated from the exhaustion of the circumstellar envelope (<0.1 Myr; Bodenheimer & Burkert 2001) , it will accrete enough material to become an object of brown dwarf mass or higher (e.g., Bate 2005; Tomida et al. 2013) . Gravitational instability (GI) models might be a plausible alternative formation channel for PMCs should the circumstellar disks they form within be atypically massive and cold enough (e.g., Kratter et al. 2010; Boss 2011; Vorobyov 2013) to undergo fragmentation, though the epoch of in situ formation would also need to occur during the Class 0/I stage (0.1 to 0.5 Myr) just as the envelope is exhausted to prevent any further accretion (e.g., Kratter et al. 2010; arXiv:1907.06767v1 [astro-ph.SR] 15 Jul 2019 Dodson-Robinson et al. 2009 ). Disk fragmentation could occur later during the Class II stage, but those disks would also need to be unusually massive (e.g., Andrews et al. 2013; Vorobyov 2013) .
From the planet formation perspective, the large separations between PMCs and their host stars disfavor core accretion models since the >100 Myr timescale required to assemble a core is much longer than the ∼3-5 Myr disk lifetime (Pollack et al. 1996) . Dynamical processes like ejection could explain the origins of the PMC population. However, scatterers have not been found (Bryan et al. 2016; Pearce et al. 2019 ) and measurements of PMC orbital arcs suggest they have low eccentricities (Ginski et al. 2014; Schwarz et al. 2016) , precluding ejection.
Thermal disk emission and accretion signatures have been detected from wide-orbit PMCs and substellar companions at a variety of wavelengths. Early searches for ultra-low mass companions identified objects potentially harboring disks through their near-infrared colors. Ireland et al. (2011) speculated that GSC 06214-00219 b could have a disk based on its red K − L color. Spectroscopic follow-up of the system by Bowler et al. (2011) confirmed the presence of a disk by observing strong Paβ emission. Kraus et al. (2014) found the majority of their PMC sample to have redder K − L than free-floating young objects which could indicate the ubiquity of disks around wide low-mass companions. Additional signs of outflows and accretion signaling disks surrounding wideorbit PMCs have been observed with Hα line emission and continuum excess in the optical (e.g., Bowler et al. 2014; Zhou et al. 2014) . Determining the disk properties of wide-orbit PMCs will help provide additional constraints on their formation pathway. The presence of substellar disks suggest ejection is not a plausible formation mechanism for PMCs because the the scattering event would likely disrupt the disk (Bowler et al. 2011) .
The Spitzer mission has obtained a wealth of wide and deep imaging of nearby molecular clouds and cores, including complete Infrared Array Camera (IRAC; Fazio et al. 2004 ) maps of every major star-forming region within 300 pc (e.g., Evans et al. 2009 ) across its four channels (3.6, 4.5, 5.8, and 8 µm; Ch 1,..., Ch 4). The extensive Spitzer /IRAC data set of nearby star-forming regions and associations has great potential to be mined for undiscovered wide companions to stars. Spitzer /IRAC is capable of resolving companion projected separations of 1. 7 to 2. 0, corresponding to 240 to 290 au at the distances of Taurus or Upper Scorpius (∼145 pc; Torres et al. 2009 , de Zeeuw et al. 1999 ) and sensitive to the photospheres of proto-brown dwarfs and protoplanets (M lim = 1 M Jup at 1 Myr and 2 M Jup at 5 Myr; Chabrier et al. 2000) . Spitzer 's limits are even deeper for hosts of circumplanetary disks, which add substantial infrared excesses.
In this paper, we report the results of a pilot study to recover and to measure the mid-infrared photometry of confirmed and candidate low-mass companions of young stars in Spitzer /IRAC imaging and to determine whether they host circum(sub)stellar disks. In Sections 2 and 3, we describe our target sample and the archival Spitzer /IRAC observations used. We describe our MCMC based PSF-fitting routine in Section 4. In Section 5, we present the results of our analysis of the IRAC images and highlight interesting individual systems. Finally in Section 6, we discuss the performance of our PSF-fitting routine.
TARGET SAMPLE
Our target sample is built from systems with confirmed or candidate low-mass companions previously discovered in the star-forming regions of Chameleon I (179 pc, 2-3 Myr; Voirin et al. 2018 , Luhman 2004 , Taurus-Auriga (145 ± 15 pc, 1-2 Myr; Torres et al. 2009 , Kraus & Hillenbrand 2009b , and Upper Scorpius (145 pc, 5-10 Myr; de Zeeuw et al. 1999 , Preibisch et al. 2002 , Pecaut et al. 2012 ) from the multiplicity surveys of Lafrenière et al. (2008) and Kraus & Hillenbrand (2012) . We also include in our sample a small number of systems observed by Kraus & Hillenbrand (2012) that might be a part of an older distributed population of Taurus (5-10 Myr; Wichmann et al. 1996 , Slesnick et al. 2006 , Kraus et al. 2017 . These young regions are compelling targets because they offer increased sensitivity to PMCs retaining residual heat from formation. There is also a high likelihood of finding companions harboring disks, which would add substantial infrared excess.
From this larger sample, we then identify systems that also have archival Spitzer /Infrared Array Camera (IRAC; Fazio et al. 2004 ) observations available. Inflight full width at half-maximums (FWHMs) for the IRAC PSF are 1. 66, 1. 72, 1. 88, and 1. 98 in each respective channel, corresponding to resolvable companion separations above 240 au at the distances of Taurus or Upper Scorpius. IRAC is also sensitive enough to detect photospheres of proto-brown dwarfs and protoplanets (M lim = 1 M Jup at 1 Myr and 2 M Jup at 5 Myr; Chabrier et al. 2000) at wide separations in the background-limited regime. Our sample was intentionally constructed to span a range of primary brightness, contrast, and projected separation to test our ability to recover astrophysical sources and sufficiently probe those axes of parameter space. Most of the systems in the target sample have high-precision astrometry gathered from previous adaptive optics (AO) imaging. We used these measurements to experiment with the effects of using informative priors. Lafrenière et al. (2008) examined 126 stars ranging in mass from ∼0.1-3M in Chameleon I. Using the ESO Very Large Telescope AO imaging system, they found 30 binary and six triple systems. We chose CHXR 28 and Sz 41 from that study for our target sample. Kraus & Hillenbrand (2012) used Keck laser guide star AO to study 78 stars in Taurus-Auriga and Upper Scorpius, finding 45 candidate companions. We chose five candidate systems from that survey for our sample: 2MASS J03590986+2009361, 2MASS J04554970+3019400, 2MASS J05373850+2428517, 2MASS J16111711-2217173, and 2MASS J16151116-2420153. We also incorporate four more systems into our target sample not studied in the aforementioned surveys: FU Tau AB (Luhman et al. 2009 ), FW Tau , 2MASS J16101918-2502301 (Aller et al. 2013), and 2MASS J16103196-1913062 (Aller et al. 2013) .
The primary spectral types for the 11 systems in our target sample range from K3.5 to M7.5 and the primary K s -band magnitudes range from 7.69 mag to 13.25 mag. The projected separations and K s -band contrasts of the Kraus et al. (2014) ; (4) Lafrenière et al. (2008) ; (5) Kraus & Hillenbrand (2009a) ; (6) Aller et al. (2013) . Note. -An object is labeled as "c#" to reflect that they are unconfirmed candidate companions. System properties obtained from the following references: (1) Kraus & Hillenbrand (2012) candidate and confirmed companions range from 1. 684 to 7. 313 and 0.32 to 7.27 mag, respectively. Four of the confirmed low-mass companions in these systems are known to have disks; FU Tau B, FW Tau C, Sz 41 B, and USco 1610-2502 B. The combined target primary properties are given in Table 1 and system properties in Table 2 .
OBSERVATIONS
All targets were observed by the Spitzer Space Telescope (Werner et al. 2004 ) with the Infrared Array Camera (IRAC; Fazio et al. 2004 ) during the cryogenic phase of the mission. IRAC operates with four filters in the mid-infrared; 3.6, 4.5, 5.8, and 8.0 µm. The IRAC detector has 256×256 pixels with a pixel scale of 1. 22.
Observations of the 11 members of our target sample appear in ten different sets of IRAC data, with exposure times of 0.4 s, 1.0 s, 10.4 s, 26.8 s, and 96.8 s. Almost all targets had data taken across the four IRAC channels, but USco 1610-1913 did not have any Channel 1 or Channel 3 observations. Specific details about the Spitzer /IRAC programs and data products used are listed in Table 3 .
We work with IRAC's cryogenic-phase corrected basic calibrated data (CBCD) and uncertainty (CBUNC) files.
Mosaics were not used due to the complicated behavior of the IRAC PSF (see Data Analysis section). We use images with exposure times of 10.4 s or less to avoid saturation.
All data were reduced with the Spitzer Science Center software pipeline version S18.25.0. No further reduction or processing of the images was performed. Janson et al. (2015) utilized more sophisticated post-processing techniques (i.e., locally-optimized combination of images, principal component analysis, empirical stellar templates) to demonstrate that Spitzer was sensitive to PMCs that lie closer to their host stars. Durkan et al. (2016) reanalyze archival Spitzer /IRAC direct imaging surveys of nearby stars to constrain the frequency of giant planets orbiting out to 1000 au. Most Figure 1 . Images of USco 1610-2502 at four stages of the PSF-fitting pipeline. The pipeline has been generalized to perform PSFsubtraction across all four channels (rows) should images be available. Column 1: The background-subtracted fitting image in units of Data Number per second (DN/s) presented with a square root stretch. Column 2: The best-fit PSF model in units of DN/s and also presented with a square root stretch. Column 3: The residuals left over after the PSF model is subtracted from the background subtracted fitting image, plotted with a linear color scale. Cosmic rays (for example, white pixels in row 3, column 1) that fall near the system are masked prior to PSF-fitting. Note that the remaining residuals appear similar to the noise near the primary star, indicating a good fit. Figure 2. Posterior probability distributions of the four system-specific parameters fit to the images of [SCH06] J0359+2009, an example system that had its candidate companion detected by our pipeline. No strong covariances are present due to the strong prior on the astrometry from previous adaptive optics imaging. The asymmetric appearance of the PA marginalized posterior probability density results from the pixelation of the IRAC PSF models.
recently, Baron et al. (2018) reported first results from the Wide-orbit Exoplanet search with InfraRed Direct Imaging (WEIRD) survey constraining the occurrence of Jupiter-like companions on orbits between 1000 and 5000 au. These studies focused their investigations on regions closer (d < 100 pc) and older (τ > 10 Myr) than the regions we analyze in this work (d > 100 pc; τ < 10 Myr). Our framework is probing the IRAC PSF at 1-3 λ/D, where companion identification is difficult due to it being undersampled at the native 1. 22 pixel scale. To overcome this obstacle when measuring photometry on IRAC images via point source fitting, a PRF (or "effective PSF") was developed by the Spitzer Science team that combined information regarding the IRAC PSF, detector sampling, and intrapixel sensitivity variations. Twentyfive total PRFs are provided that represent 25 different locations (5 × 5 grid) on the 256 × 256 pixel IRAC detector. Each PRF for a given detector location is 5× oversampled, thus to create the proper PSF for any given position on the detector, one must interpolate the original 5 × 5 grid of PRFs to the centroid position, shift the PRF to the appropriate "pixel phase," then sample the individual PRF at regular intervals corresponding to single CCD pixel increments.
We use a modified version of IRACSIM 1 (Ingalls et al. 2016) , an Interactive Data Language (IDL) package built to model the pointing, imaging, and Fowler sampling behavior of Spitzer /IRAC Channels 1 and 2 in the postcryogenic mission. Ingalls et al. (2016) rescale the cryo- Figure 3 . Posterior probability distributions of the four system-specific parameters fit to the images of [SCH06] J1611-2217, an example system where the candidate companion was not detected by our pipeline. The projected separation and PA marginalized posterior probability densities are still well-constrained because of the strong prior on the astrometry from previous adaptive optics imaging. The marginalized posterior probability densities for ∆m in Channels 1 and 2 appear constrained but inspection of stacked residuals images reveal no companion detected above our 3-σ detection limit (see Section 5.3). The marginalized posterior probability densities for ∆m in Channels 3 and 4 are unconstrained.
genic PRFs to accommodate the change in intra-pixel sensitivity during Spitzer 's warm mission, using these modified PRFs to define the reference frame of a point source to be modeled in native pixel units. We incorporate these imaging modules into our pipeline by adapting them to use the original core PRFs from the cold mission instead, and adding the ability to generate PSFs for IRAC channels 3 and 4.
MCMC PSF Subtraction
Due to the complicated behavior of the IRAC PSF, we adopt an Markov Chain Monte Carlo (MCMC) formalism to fully explore the resulting posterior probability density function for the system parameters. The PSF model is described by seven parameters, three of which are "image-specific" (and hence have independent values for each image) and four of which are "systemspecific" (and hence are shared between all images of a target). The three image-specific parameters are x-pixel coordinate of the primary centroid (x), y-pixel coordinate of the primary centroid (y), and image background (b), while the four system-specific parameters are primary peak pixel value (n), separation (ρ), position angle (PA), and contrast (∆m). We use the χ 2 goodness-offit between the image and PSF model as our likelihood function. The priors associated with each parameter are presented in Table 4 . We use uniform priors for x, y, n, and ∆m. We constrain x and y to be within four 
, 10] a Normal prior on the background was based on the pixel value distribution within a 30-pixel radius of the primary. b Normal prior on these parameters were based on prior adaptive optics imaging results presented Table 2. pixels of the initial primary centroid estimate. We also constrain ∆m to be between −2 and 10 mag, allowing for the possibility of a companion being brighter in the IRAC channels than the primary.
The automated PSF-fitting pipeline performs an MCMC analysis by exploring the posterior PDF using the standard Metropolis-Hastings algorithm with Gibbs sampling. We use four walkers (chains) of 56,000 total jumps each, but break this chain up into three separate MCMC fits. The pipeline first runs a 140,000 jump chain fitting all seven parameters for all of the IRAC images available at a given exposure time of a system, then iterates twice between a 80,000 jump chain image-specific parameter fit and a 60,000 jump chain system-specific parameter fit. The first 10 percent of the chains are removed as burn-in. Images were not analyzed if the initial estimate for the target system primary centroid was within 12 pixels of the IRAC CCD edge. In Figure 1 we present example images as a target system is processed through our pipeline. We show example posterior probability distributions for two target systems in Figures 2 and 3.
RESULTS
By developing the framework to accurately model and subtract off the flux of bright primary stars, we now can take advantage of Spitzer 's extraordinary sensitivity to study wide low-mass companions near the diffraction limit. Previous analyses of archival Spitzer /IRAC images have searched for wide companions in young moving groups that are closer (< 100 pc) and older (> 10 Myr) than the regions represented in our target sample (e.g., Durkan et al. 2016; Baron et al. 2018) . Although they were able to take advantage of the well-behaved IRAC PSF wings at >> λ/D when searching for wide companions, they do so when the contrast between primary star and companion is more severe. Moreover, some wide PMCs within the more distant star-forming regions harbor disks, so some of our targets should have detectable excesses in the mid-infrared, further improving detectability and offering an opportunity to investigate disk evolution and dispersal in low-mass companions to stars. Our MCMC-based PSF fitter is finally opening up a regime of parameter space that has yet to be studied in detail and will reveal low-mass companions, whether they have disks, and the properties of those disks.
Detections
Our reprocessing of the IRAC images yielded detection of all 11 system primaries, six confirmed, and two candidate low-mass companions. The targets were processed independently by channel, with a simultaneous fit of all images in that channel. The best-fit system parameters as determined by our pipeline are presented in Table 5 . IRAC magnitudes in each channel for the primary stars are calculated from the best-fit primary flux, while for the confirmed or candidate low-mass companions the best-fit contrast is also used. The primary magnitudes span 7.30 < [3.6] < 12.89 in Channel 1 and 5.35 < [8.0] < 12.70 in Channel 4. The magnitudes of detected confirmed or candidate companions span 8.59 < [3.6] < 13.88 in Channel 1 and 8.06 < [8.0] < 13.90 in Channel 4. Three candidate low-mass companions were not detected by our pipeline (2MASS J05373850+2428517 c1, 2MASS J16111711-2217173 c1, and 2MASS J16151116-2420153 c1). The candidate companion to 2MASS J04554970+3019400 was detected in Gaia DR2 (Gaia Collaboration et al. 2018 ) with measured π = 0.27 ± 0.10 mas, making it an unassociated background star. Photometry for the primary stars and candidate or confirmed companions of our target sample are shown in Table 6 .
In Table 7 we derive companion masses for our target sample using our measured [3.6] photometry (or [4.5] for USco 1610-1913 which does not have Channel 1 images available) and the BT-Settl evolutionary models of Allard et al. (2012) . We use Gaia DR2 distance estimates from Bailer-Jones et al. (2018), or if an estimate did not exist, the canonical distance to the star-forming region of which the system is a member to determine absolute magnitudes.
In Figure 5 we present a color-magnitude diagram of [3.6] − [8.0] versus [3.6] showing the 10 system primaries, four confirmed low-mass companions, and one candidate companion detected in Channels 1 and 4, as well as Upper Scorpius members with both Gaia DR2 parallaxes and Spitzer /IRAC photometric measurements from Luhman & Mamajek (2012) . We also show the intrinsic photospheric mid-infrared color-magnitude sequences from BT-Settl models (Allard et al. 2012) Tables 8 and 9 list the primary and secondary IRAC colors of our target sample across all channels, respectively.
Notes on Individual Systems
Our reprocessing of IRAC images yielded detections of one candidate and six confirmed low-mass companions and one unassociated neighbor. Five of the companions have [3.6] − [8.0] colors more than 3-σ above their expected intrinsic photosphere color. We describe four of them in more detail in the following sections. Images were generated by combining individual residual images after the primary PSF had been subtracted, placing each on a final grid with a pixel scale 5 times smaller than the original IRAC pixel scale of 1. 22, shifting to a common origin, and rotating so that north is up and east is left. The stacked residuals images are displayed with a linear color scale and 5-σ contours overlaid. The minimum and maximum pixel value of the color bar are given in the bottom lefthand corner in units of DN/s. A red star denotes the position of the primary while a red or dashed circle denotes the expected position of the companion. First row: [SCH06] J0359+2009 is an example of a straightforward companion detection. See Section 5.2.1 for more details on this system. Second row: Sz 41 is the brightest member of our sample (M [3.6] =0.89) and appears saturated in Channel 4 as evidenced by the ring-like structure in the residuals surrounding the primary location. We are still able to measure photometry for the system that agrees with previous measurements. The other bright object to the upper left of the system is a known background giant. Third row: Residuals images for FW Tau C, which we are able to resolve across all four IRAC channels for the first time. See Sections 5.2.3 and 6.2 for more details on this system. Fourth row: the candidate companion of [SCH06] J1615-2420 was not detected by our pipeline. A dotted circle is placed at its expected location. The bright object to the upper left is another Upper Sco member. Note.
-If an entry in ∆m is missing, no IRAC data existed for that object in that channel. The astrometric precision reflects that of the input priors. The candidate companions to 2MASS J05373850+2428517, 2MASS J16111711-2217173, and 2MASS J16151116-2420153 were not recovered. a The candidate companion to 2MASS J04554970+3019400 was detected in Gaia DR2 (Gaia Collaboration et al. 2018) with measured π = 0.27 ± 0.10 mas, making it an unassociated background star. Note. -Subscript "P" denotes the primary star of the test case sample system while subscript "N" denotes the confirmed companion, candidate companion, or neighbor.
If an entry is missing, no IRAC data existed for that object in that channel. Pecaut et al. (2012) . a A model-derived mass is not meaningful for the neighbor to J04554970+3019400 because it is a background star. For candidate companions that could not be confirmed, we list the mass or mass limit that would be consistent with that photometry. b The nature of FW Tau C is a matter of debate since different aspects of its observations are consistent with either a substellar companion surrounded by an edge-on disk or a PMC embedded in a low inclination disk. See Sections 5.2.3 and 6.2 for further discussion. -If an entry is missing, either no IRAC data existed for that object or no images were adequately fit in that IRAC Channel. Gaia DR2 (Gaia Collaboration et al. 2018) measure (µ α , µ δ , π) = (4.95 ± 0.37 mas yr −1 , −14.14 ± 0.20 mas yr −1 , 8.49 ± 0.16 mas) for the primary and (µ α , µ δ , π) = (2.85±1.69 mas yr −1 , −16.49±0.98 mas yr −1 , 7.27±0.87 mas) for the candidate companion. These measurements are consistent with the expected Taurus proper motion (µ = (+6, −20) mas yr −1 ; Kraus et al. 2017) , as well as comovement and codistance for the two objects to within 1.5-σ. With these additional data we confirm association and report the discovery of a new low-mass companion (hereafter [SCH06] J0359+2009 B; see Figure 7 ).
In Table 10 we summarize Pan-STARRS optical (PS1; Figure 6 . H-R diagram for our target systems. The primary components of the target sample members are indicated as stars and confirmed secondary components indicated as circles. We use T eff measurements reported in the literature for objects that were spectroscopically derived from spectral types, or we estimate them based on optical spectral types from the literature and the spectral type to temperature conversion from Herczeg & Hillenbrand (2014) Myr from evolutionary models. We also fit for E(B − V ) using the extinction curve of Fitzpatrick (1999) spanning from 0.0 to 0.2 mag in steps of 0.01 mag. For the primary we fit PS1 grizy, 2MASS JHK and Spitzer /IRAC photometric data using χ 2 minimization. We fit only the PS1 rizy, 2MASS JHK and IRAC [3.6] References.
- (1) Chambers et al. (2016) , (2) Lawrence et al. (2012) , (3) Cutri et al. (2003) a AB magnitudes brand 2014) due to the systematic uncertainty in atmospheric models of young low-mass objects (e.g., Dupuy et al. 2010) , in addition to the young objects themselves likely harboring spots that change the emergent spectrum (e.g., Gully-Santiago et al. 2017) . We infer system masses from predictions of BT-Settl evolutionary models (see Figure 9 ) based on their absolute [3.6] magnitude and the best-fitting model T eff . We estimate [SCH06] J0359+2009 A to have a mass of 60 ± 10M Jup and the companion to have a mass of 20 ± 5M Jup . The H-R diagram positions are nominally consistent with isochronal ages of 10-20 Myr, though those ages appear to be underestimated by most current models (e.g., Feiden 2016). As seen in Figure 8 , the Spitzer /IRAC 8 µm photometry for [SCH06] J0359+2009 B disagrees with the bestfitting model at >8-σ. This is consistent with our measured mid-infrared excess of [3.6] − [8.0] = 0.94 ± 0.07 mag which is discrepant with the color of a M9 photosphere at the 7.9-σ level and L0 photosphere at the 4.4-σ level as measured empirically by Luhman et al. (2010) . Given the component masses and projected separation, this system appears to be an older analog of ultrawide brown dwarf pairs like FU Tau (Luhman et al. 2009 ). Kraus & Hillenbrand (2012) identified a second candidate companion in the vicinity of [SCH06] J0359+2009 A at projected separation ρ = 5. 95 and P.A.= 99
• . This source was not in our original target sample nor do we detect it (see Figure 4 , top row). We derive upper limits on its IRAC photometry of In addition to this, FU Tau A is overluminous compared to the 1 Myr isochrone. Luhman et al. (2009) posit that this may be due to FU Tau A itself being an unresolved binary, though this solution would not account for all of the overluminosity. Stelzer et al. (2010) obtained Chandra X-ray observations which suggested that atypical magnetic activity or accretion is present in FU Tau A and hence that severe rotation and magnetic field effects might be reducing the efficiency of convection, affecting its place on the H-R diagram.
More recent observations of the primary suggest its spectral type is slightly earlier at ∼M6.5−M7 (e.g., Scholz et al. 2012; Herczeg & Hillenbrand 2014) . To assess whether the overluminosity of the primary continues into the IRAC channels, we converted the spectral types of FU Tau A (M6.5) and B (M9.25) to effective temperatures using the relation from Herczeg & Hillenbrand (2014) . We also adopt a distance of 131.2 pc from Gaia Collaboration et al. (2018) which is closer than the 140 pc distance that had been assumed in previous studies. The significant overluminosity of the primary persists across all IRAC channels and we show the example for Channel 1 in Figure 10 . FU Tau A is above the BT-Settl 1 Myr isochrone of Allard et al. (2012) by 2.36, 2.33, 2.31, and 2.24 mag in the IRAC channels. These results are of similar magnitude to the ∼ 2 mag overluminosity found in the J band by Scholz et al. (2012) , though we do not confirm their claim of overluminosity for FU Tau B.
FW Tau
FW Tau AB is a close binary system of young M5.5 stars that harbors a third component (hereafter FW Tau C) at ρ = 2. 3. The nature of FW Tau C is a matter of debate since different aspects of its observations are consistent with either a substellar companion surrounded by an edge-on disk or a PMC embedded in a low inclination disk (e.g., Kraus et al. 2015; Caceres et al. 2015; . Kraus et al. (2014) first confirmed FW Tau C as a comoving wide-separation companion with near-infrared observations using the Keck-II 10m telescope and NIRC2, and given its luminosity they estimated its mass to be 10±4 M Jup for system ages between 1-5 Myr (Chabrier et al. 2000) . More recent ALMA Cycle 3 observations and modeling performed by place the dynamical mass of FW Tau C closer to ∼ 0.1 M , but with a moderate disk inclination that does not explain its faint luminosity.
We are able to resolve FW Tau C and measure its mid-infrared photometry in all four IRAC channels. We measure the mid-infrared excess of FW Tau C to be [3.6] − [8.0] = 0.91 ± 0.10 mag. The 8 µm flux offers the prospect of an independent test between the proposed explanations, as the predicted SED for each case varies most at 8-12 µm. We discuss this comparison further in Section 6.
USco 1610-2502
2MASS J16101918-2502301 (hereafter USco 1610-2502) is a member of Upper Sco (Preibisch et al. 1998 ) with a spectral type of M1. Its companion, USco 1610-2502 B, was confirmed to be a comoving companion by Aller et al. (2013) , who measured a spectral type of M5.5 and a projected separation of ρ = 5. 1. We have analyzed the SED of USco 1610-2502 B in a similar fashion as for the [SCH06] J0359+2009 system. We fit all PS1 and 2MASS photometry from the literature and include Spitzer /IRAC [3.6] and WISE Band 1 photometry. The best-fitting model for USco 1610-2502 B is T eff = 2900 ± 50 K and E(B − V ) = 0.03 ± 0.025 mag. Figure 11 shows the best fitting model for USco 1610-2502 B as well as available photometry between 0.4 and 24 µm. There is no evidence for a circumstellar disk surrounding the primary but USco 1610-2502 B has a significant excess of [3.6] − [8.0] = 1.08 ± 0.03 mag. USco 1610-2502B also has 2MASS K S − [3.6] = 0.36 ± 0.06 mag which is consistent with the colors of young stellar photospheres (Luhman et al. 2010 ). This confirms the "transitional disk" designation from Luhman & Mamajek (2012) . Barenfeld et al. (2016) measured a 0.88 mm continuum flux of 0.30 ± 0.14 mJy and estimate an upper limit on the dust disk mass to be <0.5 M ⊕ . Cieza et al. (2007) introduced a two-parameter scheme to understand the SED morphology of transitional disks based on identifying the longest wavelength at which the observed flux is dominated by stellar photosphere, λ turnof f , and the slope of the IR excess, α excess , between λ turnof f and 24 µm. In this classification system, λ turnof f corresponds to the dust temperature, and therefore size, of the inner hole, while α excess indicates the sharpness of the inner hole. Disks completely cleared of inner-hole dust have large and positive α excess values, while disks undergoing significant grain growth and dust settling have large, negative α excess values (Dullemond & Dominik 2004) . For USco 1610-2502 B, λ turnof f = 5.8 µm and α excess = −0.61, indicative of an irradiated disk with some grain growth and grain settling toward the midplane. No mid-infrared spectroscopy exists for USco 1610-2502 B so it is not yet possible to constrain its inner hole size in the absence of millimeter imaging (Espaillat et al. 2012 ).
Detection Limits
We evaluated the sensitivity to low-mass companions in terms of contrast for each target system individually by image and channel as a function of radial separation from the primary star. We performed aperture photometry by measuring the flux inside 100 randomly drawn apertures of radius 1 FWHM at each radius from the central star. We calculated the mean and standard deviation of these 100 fluxes to find the limiting flux and converted this value into Spitzer /IRAC magnitudes to obtain 3-σ limits. We also evaluated the sensitivity to low-mass companions in terms of contrast for each target system with the central star subtracted from the image in the same manner. The results of these calculations are presented as contrast curves in Figure 12 and Figure 13 for Channels 1 and 4, respectively. The curves show that the detectable contrast between central star and companion grows with increasing distance from the primary. For the images without primary PSF subtraction, a plateau is reached after ∼ 8. 5 which corresponds to physical separations of 1000 au for the closest member of our target sample (114.5 pc) and 1800 au for the furthest (213.1 pc). Detectable contrast limits inward of 8. 5 improve after PSF subtraction by an average of 5.5 magnitudes in Channel 1 and to the background noise-limit in Channel 4 for the majority of our target sample.
We convert our contrast curves into limiting masses using the BT-Settl evolutionary models of Allard et al. (2012) at 5 Myr and the measured absolute magnitudes of our target sample in each IRAC Channel. The contrast and mass limits reached as a function of radial separation from the PSF-subtracted images are presented in Tables  11 and 12 , respectively. The 5 Myr BT-Settl evolutionary model does not go below 10 M Jup (M [3.6] > 9.227 mag) so we do not quote lower mass companions even though we are sensitive to them. Using the older COND-based of models of Allard et al. (2001) we find we are sensitive to companion masses as low as 0.8 M Jup at 10 away from a 1 Myr system and 2.9 M Jup at 10 away from a 10 Myr system.
DISCUSSION

Optimizing the Search for Wide PMCs with Spitzer
The under-sampled PSF of Spitzer /IRAC has made detection of exoplanets in the mid-infrared difficult, especially at small angular separations (∼ λ/D) that most closely approach solar-system scales. Here, we have shown that our framework to model the IRAC PSF is successful at recovering known or candidate companions at a wide range of projected separations from their hosts. Previous analyses of archival Spitzer /IRAC images have placed initial constraints on the frequency of gas giant companions on wide orbits. Durkan et al. (2016) find companions with 0.5-13 M Jup at separations of 100-1000 au occur with an upper frequency limit of 9% based on a sample of 121 stars. Baron et al. (2018) probe further separations of 1000-5000 au in their 177 star sample, finding an occurrence rate of < 3% for 1-13 M Jup companions. As mentioned previously, both surveys searched for wide companion systems in young moving groups that are closer (< 100 pc) and older (> 10 Myr) than the regions from which our target sample was created. Because of this, the contrast between primary star and companion is more severe in those surveys. We have shown that our pipeline can measure photometry at a few λ/D in 1-10 Myr star-forming regions that are > 100 pc away. Our pipeline will enable a systematic exploration of the demographics and properties (e.g., companion mass functions, semi-major axis distributions, disk frequencies) of wide-orbit, low-mass companions systems for samples of discrete stars in future work.
Nine systems in our target sample have had their IRAC photometry measured previously. When comparing our measurements to the latest IRAC measurement reported almost all agree within the errors. Exceptions to this are the brightest systems in our sample whose multiplicity was determined with AO imaging after the IRAC photometric measurements were reported (e.g., CHXR 28, Sz 41) or primaries with significant variability between epochs (FU Tau A). In addition, Sz 41 A is saturated in Channel 4 as seen in Figure 4 by the characteristic ringed appearance in the PSF subtraction residuals. We are still able to resolve the companion and measure its photometry. The measured total flux from our pipeline agrees with the previous reported flux.
The presence of bright, unassociated stars in or just outside the 25 × 25 fitting image mostly does not hinder the quality of the measured photometry significantly for our sample.
One exception, 2MASS J04554970+3019400, is ∼ 30 away from HD 31305, a V = 7.6 mag A0 star. While its primary photometry is unaffected, the photometry of the neighbor is contaminated by stray light that is not effectively modeled by the background parameter. In these cases, fitting and subtracting off the flux of the nearby bright star prior to PSF subtraction with our framework could allow the companion to be more accurately fit.
[SCH06] J0359+2009 and [SCH06] J0537+2428 were the only targets that had not had their IRAC photometry measured and reported in the literature. These targets were located at the outskirts of canonical star-forming regions and until recently not studied in detail. Now with Gaia revealing so many more young systems, it is possible to evaluate whether they have wide companions and circumstellar disks, as well as re-evaluate interesting systems or systems where multiplicity was determined later.
More broadly, the Mid-Infrared Instrument (MIRI) on the James Webb Space Telescope will provide key insight by constraining disk sizes for young planetary-mass companions known and discovered prior to its launch. Previous searches for disk emission at radio wavelengths have yielded mostly upper limits which suggests wide-orbit PMCs may have smaller, hotter disks and are more suited for characterization in the mid-infrared . Our framework provides an efficient way to build targets of interest to be studied with JWST and the ELTs coming on-line in the next decade.
6.2. The Nature of FW Tau As we described in 5.2.3, two scenarios have been proposed to explain FW Tau C: a PMC embedded in a low inclination disk or a substellar companion surrounded by Figure 14 . SED for the two proposed scenarios for the nature of the FW Tau system. The blue and red lines are the browndwarf/edge-on-disk model and PMC model from Caceres et al. (2015) , respectively. The red squares are the NIRC2 photometric observations obtained by Kraus et al. (2014) while the orange stars are the Spitzer /IRAC photometric measurements from this work. The brightness of the IRAC photometry is more consistent with the edge-on disk model in Channels 1, 2, and 4 but we note that the SED shape across the four IRAC channels appears to be more coincident with the PMC model.
an edge-on disk. Caceres et al. (2015) constructed the FW Tau system SED from near-infrared to millimeter wavelengths to explore the possible interpretations via disk modeling. Although they did not come to a definitive conclusion about the nature of FW Tau C with the limited data available, their models differ most in SED shape and brightness in the mid-infrared from 3-10 µm (see Figure 3 of Caceres et al. 2015) .
We can independently test the proposed scenarios because we have resolved FW Tau C across all IRAC channels. We find that the brightness of the IRAC photometry is more consistent with the edge-on disk model in Channels 1, 2, and 4 but also note that the SED shape across the four IRAC channels is actually more coincident with the PMC model (see Figure 14) . Given the conflicting indications of this object's nature from across its SED, the enhanced sensitivity, spatial resolution, and wavelength coverage (3-30 µm) of MIRI may ultimately resolve its true nature.
SUMMARY
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